Light absorption by phytoplankton and minerogenic particles in Cayuga Lake, New York by Adam Joseph Peter Effler et al.
Inland Waters (2015) 5, pp. 433-450 
© International Society of Limnology 2015
DOI: 10.5268/IW-5.4.807
433
Article
Light absorption by phytoplankton and minerogenic particles in 
Cayuga Lake, New York
Adam J.P. Effler,1* Feng Peng,1 Steven W. Effler,1 Christopher M. Strait,1 MaryGail Perkins,1 and Kimberly L. 
Schulz2
1 Upstate Freshwater Institute, Syracuse, NY, USA
2 Department of Environmental and Forest Biology, SUNY ESF, Syracuse, NY, USA
* Corresponding author: aeffler@upstatefreshwater.org
Received 5 November 2015; accepted 10 August 2015; published 15 October 2015
Abstract 
Features of light absorption are critical determinants of the underwater and emergent light fields of lakes. Patterns in 
time and space of the components (ax) of the light absorption coefficient (a), and their dependence on various optically 
active constituents (OACs), in the form of material-specific ax, were resolved for Cayuga Lake, New York, USA. 
Component a was partitioned according to the additive components of ax that include phytoplankton (aϕ), nonalgal 
particles (aNAP), and colored dissolved organic material (aCDOM). Specific absorption coefficients were developed that 
couple the concentration of chlorophyll a (Chl-a, an OAC) to aϕ, and the concentration of inorganic suspended 
particulate material (ISPM, an OAC), or the projected area of minerogenic particles per unit volume of water (PAVm, an 
alternate OAC), to aNAP. The critical role of such specific coefficients in contemporary strategies to retrieve OACs 
through remote sensing for inland waters is described, and characteristics consistent with the influences of pigment 
packaging and accessory pigments on the aϕ–Chl-a relationship are demonstrated. Nonalgal partical aNAP is reported to 
be primarily regulated by the level of minerogenic particles. The specific absorption coefficients developed for Cayuga 
Lake to support retrieval of the OACs of Chl-a, PAVm, and ISPM are considered in the context of the limited 
populations of estimates available for inland waters. 
Key words: components of absorption, light absorption, material-specific absorption coefficients, minerogenic 
particles, phytoplankton, remote sensing
Introduction
Absorption is a light-attenuating process, a fundamental 
determinant of the underwater and emergent light fields 
of lakes (Kirk 2011). The magnitude of this process is 
quantified by the absorption coefficient (a, m−1). As an 
inherent optical property (IOP), a is independent of the 
geometry of the light field (e.g., time of day). The 
magnitude of a depends on the concentrations of 
various optically active constituents (OACs), with 
absorption characteristics that differ substantially over 
the visible wavelengths (λ, 400–700 nm; Babin et al. 
2003b, Kirk 2011, Perkins et al. 2013). Commonly, a(λ) 
is partitioned into 4 additive components (ax; Prieur and 
Sathyendranath 1981, Babin et al. 2003b, Perkins et al. 
2013):
 a(λ) = aw(λ) + aϕ(λ) + aNAP(λ) + aCDOM(λ),  (1)
corresponding to water (w), phytoplankton (ϕ), nonalgal 
particles (NAP), and colored dissolved organic matter 
(CDOM), respectively. Pure water absorption [aw(λ)] 
increases in the ultraviolet and red wavelengths and is well 
defined (Lee et al. 2015). Phytoplankton have a broad 
absorption peak at ~440 nm and a sharper maximum at 676 
nm (Bricaud et al. 1995, Babin et al. 2003b). Both aNAP and 
aCDOM decrease exponentially with increasing wavelength 
over the visible range (Bricaud et al. 1981, 2003b, Perkins 
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et al. 2013). In many open ocean (case 1) waters, a
ϕ
 is 
dominant in the blue and green wavelengths, and aNAP and 
aCDOM generally covary (Morel 1988). These conditions 
differ for inland and coastal (case 2) waters, where the ax’s 
are often uncorrelated and a
ϕ
(λ) is not necessarily dominant 
(Kirk 2011). The partitioning of a(λ) according to the con-
tributions of ax(λ) has been common in marine studies 
(Prieur and Sathyendranath 1981, Babin et al. 2003b, 
Matsuoka et al. 2011, Xi et al. 2013) but remains rare by 
comparison for inland waters (Binding et al. 2008, Perkins 
et al. 2013). We advance this partitioning here for lakes, 
but with particular focus on the particulate components, a
ϕ
 
and aNAP, and their relationships with OACs.
The dependence of a
ϕ
(λ) on the concentration of 
chlorophyll a (Chl-a; the common OAC), often considered 
in the context of the ratio a
ϕ
(λ):Chl-a [a
ϕ
*(λ); e.g., 
described as a specific absorption coefficient for phyto-
plankton], has been of interest in phytoplankton modeling 
(Lee et al. 1996) and for bio-optical remote sensing 
algorithms to retrieve Chl-a (Binding et al. 2012). Most of 
the research on a
ϕ
(λ) and a
ϕ
*(λ) has been conducted for 
case 1 waters. Despite wide variations reported for a
ϕ
*(λ) 
(Bricaud and Stramski 1990, Carder et al. 1991, Hoepffner 
and Sathyendranath 1992), this coefficient was usually 
assumed to be constant in models for case 1 waters 
through the early 1990s (Bricaud et al. 1995). Subse-
quently, negative dependencies of a
ϕ
*(λ) on Chl-a, but 
with large variances, were reported by Bricaud et al. 
(1995). Their analysis has played a central role in 
providing context for related studies for other ecosystems 
(Babin et al. 2003b, Stӕhr and Markager 2004, Perkins et 
al. 2014).
Variability in a
ϕ
*(λ) and related dependencies, such as 
a
ϕ
*–Chl-a relationships, is a source of uncertainty in 
Chl-a retrievals by remote sensing (Bricaud et al. 1998, 
Stӕhr and Markager 2004) and models of phytoplankton 
growth (Lee et al. 1996). Factors contributing to 
variability in a
ϕ
*(λ) include variations in the package 
effect (reduced absorption efficiency of pigments 
embedded within a cell relative to a dissolved-in-water 
case; Morel and Bricaud 1981) that increases with 
increases in cell size, intracellular pigment concentration, 
and accessory pigment content. Intracellular pigment 
content depends on species composition as well as envi-
ronmental (e.g., light) conditions (Reynolds 2006). 
Accessory pigments contribute importantly to absorption 
in the blue and green spectral regions but not at the red 
peak (Hoepffner and Sathyendranath 1993, Stuart et al. 
1998, Bricaud et al. 2004). The extent of applicability of 
case 1 a
ϕ
*(λ)–Chl-a relationships to other systems, 
including coastal waters (Babin et al. 2003b, Lohrenz et 
al. 2003) and lakes (Perkins et al. 2014), has been 
questioned. 
Component aNAP has received the least research 
attention of the ax components (Babin et al. 2003b, Peng 
and Effler 2013); aNAP can be partitioned according to 
(Effler et al. 2010, Peng and Effler 2013):
 aNAP(λ) = am(λ) + ad(λ),  (2)
where am(λ) and ad(λ) are absorption coefficients 
associated with minerogenic particles and organic detritus, 
respectively. The case of am(λ) dominating (am >> ad) 
apparently prevails for certain inland waters (Peng and 
Effler 2013, 2015, Perkins et al. 2013). There are multiple 
sources of minerogenic particles, but terrigenous clay 
minerals have recently been reported to dominate in a 
number of inland waters (Peng et al. 2009, Peng and Effler 
2010, Effler et al. 2013). Minerogenic particles are 
generally less potent than phytoplankton in light 
absorption but can make substantial contributions to a(λ) 
when present in high concentrations (Perkins et al. 2013). 
The primary absorbing agents of these particles are iron 
impurities, iron oxide, and hydroxide (Babin and Stramski 
2004, Estapa et al. 2012). The potential contribution of 
sorbed CDOM to the absorption by such particles is 
unsettled (Gallegos and Neale 2002, Binding et al. 2008). 
The effects of minerogenic particle absorption are param-
eterized by the imaginary part of the refractive index, nʹ(λ) 
[m(λ) = n(λ) − inʹ(λ), where m(λ) and n(λ) are the complex 
refractive index and its real part]. Lack of representative nʹ 
values has been problematic in quantifying the effects of 
absorption by minerogenic particles (Babin et al. 2003a, 
Wozniak and Stramski 2004). Estimates of nʹ(λ) for 
minerogenic particle populations have been limited 
(Stramski et al. 2007, Peng and Effler 2013, 2015).
A gravimetric absorption efficiency, or mass-specific 
absorption coefficient, for am can be calculated for the 
case of am ≈ aNAP that relates aNAP to a gravimetric measure 
of minerogenic particles (the OAC), as (Peng and Effler 
2013): 
 am*(λ) = aNAP(λ)/ISPM,  (3)
where ISPM is the mass concentration of minerogenic 
suspended particulate material (the OAC, unit of g m−3; 
am* has the unit of m
2 g−1). The total projected area of 
minerogenic particles per unit volume of water (PAVm, 
m−1), as determined by an individual particle analysis 
technique (scanning electron microscopy interfaced with 
automated image and X-ray analysis [SAX]), has emerged 
as an appropriate alternate OAC for am (Peng and Effler 
2013, 2015, Perkins et al. 2013) as well as for associated 
light scattering and backscattering by these particles (Peng 
et al. 2009, Peng and Effler 2010, 2011, Effler and Peng 
2014). The mean absorption efficiency [<Qa,m(λ)>; or 
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area-specific absorption coefficient] using PAVm as the 
OAC (for aNAP ≈ am) is calculated according to (Bowers 
and Braithwaite 2012, Peng and Effler 2013):
 <Qa,m(λ)> = am(λ)/PAVm.  (4)
The material-specific absorption coefficients, am*(λ) and 
<Qa,m(λ)>, can support remote sensing retrieval of ISPM, 
PAVm, and related metrics (O’Donnell et al. 2013, Peng 
and Effler 2013). Values of these specific absorption coef-
ficients can be estimated from paired measurements of 
aNAP, ISPM, and PAVm, where am ≈ aNAP (i.e., am >> ad; 
Peng and Effler 2013).
Multiple factors support the need for more comprehen-
sive characterizations of ax and their relationships with 
OACs in inland waters, including (1) contemporary 
initiatives for increased applications of remote sensing for 
inland waters (NASA 2008, 2012, Colton 2013), (2) the 
evolution of remote sensing capabilities that can utilize ax 
information, (3) the limited information available on ax for 
inland waters (Perkins et al. 2013), and (4) the optical 
complexity of most inland waters (Kirk 2011), which 
requires reliable specific coefficients to couple ax and 
OACs to advance remote sensing capabilities (Binding et 
al. 2012, Mouw et al. 2013). The overarching goal of this 
work is to advance mechanistic initiatives for remote 
sensing of inland waters through measurements of ax and 
OACs, and the development of specific absorption coeffi-
cients that couple these, in Cayuga Lake, New York. Data 
analysis approaches used in earlier case 1 (Bricaud et al. 
1995) and coastal studies (Babin et al. 2003b, Stӕhr and 
Markager 2004), and in recent work on the Laurentian 
Great Lakes (Peng and Effler 2013, Perkins et al. 2013), 
are adopted to provide context for our observations and 
tests of consistency. The paper presents (1) a partitioning 
of a(λ) in time and space according to ax based on meas-
urements of a
ϕ
(λ) and aNAP(λ) and paired observations 
(Effler et al. 2015) of aCDOM; (2) an evaluation of the 
dependence of a
ϕ
(λ) and a
ϕ
*(λ) on Chl-a; (3) an analysis 
of the dependence of aNAP on ISPM and PAVm, including 
estimates of am*(λ) and <Qa,m(λ)>; and (4) comparisons of 
estimates of specific absorption coefficients from this 
study with values reported for other systems.
Methods
System description
Cayuga Lake (42°41′30″N, 76°41′20″W) is the fourth 
easternmost, and has the second largest surface area 
(172 km2) and volume (9.4 × 109 m3), of the 11 New York 
Finger Lakes (Fig. 1; Schaffner and Oglesby 1978). The 
mean and maximum depths are 55 m and 133 m, respec-
tively. It is an alkaline, hardwater, mesotrophic (Effler et 
al. 2010) lake with a warm monomictic stratification 
regime (Oglesby 1978). The average retention time of the 
lake is about 10 years (Schaffner and Oglesby 1978), with 
a general net transport from south to north. Three streams 
that enter the southern end of the lake, including Fall 
Creek (the largest; Fig. 1), contribute approximately 40% 
of the total inflow (Fig. 1). The southernmost 2 km of the 
lake that receives these inflows is shallow (≤6 m) and is 
described as the shelf. The shelf receives large quantities 
of sediment (Effler et al. 2010), phosphorus (Effler et al. 
2014), and aCDOM (Effler et al. 2015) during runoff events 
from the local tributaries.
Sampling and field measurements
Samples were collected at 3 locations on the southern half 
of the lake, positioned along the lake’s primary axis, 
including 1 on the shelf (site 2), and 2 pelagic sites (depths 
>100 m) extending to mid-lake (sites 3 and 5; Fig. 1). 
Sites 2 and 3 were monitored biweekly in April, May, and 
October and weekly for the June–September interval. Site 
5 was monitored biweekly throughout the April–October 
interval. Near-surface (0.5 m) lake samples were collected 
at the 3 sites (triplicate at site 5) for laboratory analysis, 
kept cool, and processed within 24 hours. 
Scalar irradiance (Eo; µE m
−2 s−1) was measured at the 
3 sites with a spherical quantum photosynthetically active 
radiation (PAR, 400–700 nm) sensor ( LiCor, LI-1935A) 
attached to a metal frame and lowered with a winch at a 
rate of ~0.3 m s−1. The attenuation coefficient for scalar 
irradiance (Ks; m
−1) was determined as the slope of the 
regression of the natural logarithm of Eo on depth (z). 
Laboratory measurements
Total (SPM) and inorganic (ISPM) suspended particulate 
material analyses were conducted according to standard 
methods (Clesceri et al. 1998; 1.5 µm nominal pore size 
glass-fiber filters for SPM, and ISPM after 550 °C loss-
on-ignition). The concentration of Chl-a was determined 
according to the method of Welschmeyer (1994; acetone 
extraction). 
Methods for measurement of ax(λ) were compliant with 
those specified for satellite ocean color calibration/
validation activities (Mitchell et al. 2003). The parallel 
(Effler et al. 2015) aCDOM(λ) measurements involved spec-
trophotometer scans (Perkin Elmer, Lambda 40) of filtered 
(0.2 µm pore size) water in a 10 cm quartz cuvette, from 
400 to 700 nm, using deionized water as a reference. 
Samples were filtered under low vacuum onto 25 mm 
diameter glass fiber filters (Whatman GF/F, 0.7 µm 
nominal pore size). Particle optical density values were 
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measured between 400 and 750 nm every 2 nm with a dual 
beam spectrophotometer equipped with a 100 mm 
integrating sphere (Perkins Elmer, Lambda 18) according 
to the method of Lohrenz (2000). Path length amplification 
correction was made using a relationship developed by 
Cleveland and Weidemann (1993), which has the advantage 
of being based on optical density spectra for multiple phy-
toplankton species instead of a single algal taxon. The 
absorption coefficient for NAP, aNAP(λ), was measured after 
pigment bleaching with sodium hypochlorite (Ferrari and 
Tassan 1999). Values of ap(λ) were adjusted by subtracting 
the average of measured values over the 740–750 nm range 
from the observations (Binding et al. 2008). The aNAP 
spectra were described in an analogous manner to aCDOM 
(Babin et al. 2003b) according to: 
 aNAP (λ) = aNAP (λr) e(–SNAP(λ-λr)), (5)
where aNAP(λr) is the NAP absorption at the reference 
wavelength of 440 nm, λr(440 nm), and SNAP is the slope 
of the aNAP(λ) spectrum. Values of SNAP were estimated 
with a nonlinear regression fitting method for the 
combined wavelength intervals of 482 to 618 nm and 712 
to 750 nm (Babin et al. 2003b). This selection of 
wavelengths avoids the potential effects of residual 
pigment absorption that may have remained after the 
sodium hypochlorite treatment (Babin et al. 2003b). The 
phytoplankton absorption spectrum, a
ϕ
(λ), was obtained 
through a residual calculation: 
 a
ϕ
(λ) = ap(λ) – aNAP(λ).  (6)
This determination of a
ϕ
(λ) includes absorption by all 
pigments bleached by sodium hypochlorite. 
Light-attenuating attributes of minerogenic particles, 
including values of PAVm, were determined with SAX. 
SAX protocols, including sample handling and measure-
ments, have been described in detail previously (Peng and 
Effler 2007, Peng et al. 2009). Briefly, suspended particles 
from known volumes of the water samples were deposited 
onto polycarbonate membranes (0.4 µm pore size), air 
dried, and coated with carbon. Analyses were conducted 
with an Aspex PSEM 2000 system controlled by Automated 
Feature Analysis software. SAX measures an individual 
particle’s physical dimensions through image analysis, 
which delineates a particle as an array of radiating triangles 
from its centroid to its edges at ~11° increments. The 
projected area (PA, or cross-sectional area) of a particle is 
the sum of these triangles. PAVm is computed from the sum 
of the measured PAs of minerogenic particles, the fraction 
of analyzed filter area, and the sample volume. SAX 
assesses the composition of minerogenic particles based on 
X-ray relative intensities and sorts them according to 
predefined particle classes (Peng and Effler 2011), including 
clay minerals, quartz, Si-rich, calcite, calcite-aggregates, 
and miscellaneous types. Minerogenic particle classes 
adopted for this system correspond to those used for other 
hardwater lakes (Peng et al. 2007, Peng and Effler 2011) 
and Cayuga Lake previously (Effler and Peng 2014). 
Approximately 2000 individual minerogenic particles 
were characterized for each of the samples: 
 apm(λ) = aNAP(λ)/PVVm + aw(λ) , (7)
where PVVm is the minerogenic particle volume 
(assuming sphericity) per unit volume of water, as 
determined by SAX, and aw(λ) is the absorption coefficient 
of pure water (negligible here). The PA-equivalent 
diameter (d) was used as the size of a sphere for particle 
volume estimation. The value of nʹ(λ) was calculated 
according to (Morel and Bricaud 1981):
 nʹ(λ) = (apm(λ) × λw)/4π,  (8)
where λw is the light wavelength in water (i.e., particle 
surrounding medium; λ is the wavelength in a vacuum).
Fig. 1. Cayuga Lake’s position within New York, USA, and the 11 
Finger Lakes. Three lake monitoring sites, 1 near-shore (shelf, No. 
2) and 2 pelagic (No.’s 3 and 5) are shown with stars.
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Results
Patterns for OACs and ax
Time series of the daily average flow from Fall Creek 
(Fig. 2a) and paired observations of aCDOM(440) (Fig. 2b; 
Effler et al. 2015) for the study period are included in the 
presentation of the dynamics and spatial patterns for the 
particulate components of ax and their OACs (Fig. 2c–h) 
to provide hydrologic context and support a more holistic 
representation of ax. The ax patterns are presented for 
λ = 440 nm, the commonly adopted blue reference 
wavelength (Kirk 2011). Average values are presented for 
the 3 sites in the associated bar charts; ±1 standard 
deviation limits and the corresponding coefficient of 
variation (cv) are included to reflect the extent of temporal 
variability. Fall Creek flow (Q) is generally a good 
indicator of overall tributary inflow (Effler et al. 1989). A 
number of runoff events occurred, the largest in late June, 
mid-July, and early August. The total flow for Fall Creek 
over the study period ranked 33rd highest of the 89-year 
record. Levels of aCDOM at site 2, adjoining the stream 
inflows, were generally positively linked to high runoff 
events and more variable and significantly greater than in 
the pelagic waters of sites 3 and 5 (Effler et al. 2015). 
The median cv value for Chl-a from analysis of 
triplicate samples from site 5 was 3.6%. Concentrations of 
Chl-a ranged from <1 µg L−1 in May to peaks of ~8 µg L−1 
in October (Fig. 2c). Multiple peaks occurred, but spatial 
differences were minor compared to the temporal 
variations. Qualitatively similar temporal patterns were 
observed for a
ϕ
(440) (Fig. 2d), although the relative 
magnitudes of the peaks (≥0.2 m−1) and minima 
(≤0.07 m−1) were generally diminished from those of 
Chl-a. Levels were highest in August. Spatial differences 
were again generally minor compared to the temporal 
variations.
The median cv for PAVm from analysis of triplicate 
samples from site 5 was 20%. Levels of PAVm were often 
distinctly higher and more variable at the near-shore site 2 
compared to the pelagic sites (Fig. 2e); the median at site 
2 was significantly (Mann-Whitney rank sum test; of 
medians for non-normally distributed populations) greater 
than at both sites 3 (p = 0.008) and 5 (p = 0.002). PAVm at 
site 2 was positively linked to runoff; for example, the 
highest value (0.36 m−1) was observed soon after the 
largest runoff event of the study period in early August 
(Fig. 2a). Differences between the pelagic sites were 
minor. Increases in PAVm levels were observed at the 
pelagic sites over the July–August interval when multiple 
runoff events occurred. Values for aNAP(440) were also 
often greater and generally more variable at site 2 
compared to the pelagic sites (Fig. 2f); the median was 
significantly (Mann-Whitney rank sum test) higher at the 
near-shore site than both site 3 (p = 0.003) and 5 
(p = 0.007). Occurrences of higher values of aNAP(440) 
coincided with peaks in PAVm (Fig. 2e) in multiple 
instances. Levels of aNAP(440) at pelagic sites were higher 
in July and August. Values of SNAP varied from ~0.0105 to 
0.0165 nm−1 for the 3 sites (Fig. 2g). A distinct significant 
(p = 0.004, one-way ANOVA) increasing trend in SNAP 
from the near-shore site 2, through site 3, to the pelagic 
site 5 was observed for the study period. 
The largest component at all 3 sites was aCDOM, repre-
senting on average 63, 59, and 61% of a(440) for sites 2, 
3, and 5, respectively. The second contributor was a
ϕ
, cor-
responding to 23, 32, and 29% of a(440) for sites 2, 3, and 
5, respectively. The largest contribution by aNAP, on 
average, was for site 2 (13%); at sites 3 and 5 it 
represented 8%. Wide temporal variations in these contri-
butions occurred (Fig. 2b, d, and f), and significant 
differences (p < 0.001, Tukey test) existed between the 
dynamics of the different components of a at the 3 sites. 
The a(440) patterns (Fig. 2h) represent the summation 
of ax(440) according to equation 1. Values for a(440) were 
significantly greater at site 2 than at site 3 (p = 0.04, 2 
sample t-test) and 5 (p = 0.024, Mann Whitney rank sum 
test), but the differences between the 2 pelagic sites were 
not significant (p = 0.4, 2 sample t-test). The higher a 
levels at site 2 reflect the generally higher levels of aCDOM 
(Fig. 2b) and aNAP (Fig. 2f) at this near-shore site, which 
more than compensated for the slightly lower a
ϕ
(440) 
(Fig. 2d). 
The important role of ax and a in regulating the 
dynamics of light penetration in the lake is depicted 
through linear-least squares regression analyses (Fig. 3). 
Although a
ϕ
 was not the dominant component in 
magnitude, temporal variations in a
ϕ
 were the primary 
driver regulating the dynamics in Ks, explaining 55% of 
the variability according to linear least squares regression 
(Fig. 3a). Including the effects of aNAP (ap = aϕ + aNAP), 
dynamics explained 12% more of the variations in Ks 
(Fig. 3b). Addition of the effects of aCDOM by analyzing Ks 
vs. a(440) did not result in noteworthy (~2%) additional 
improvements (Fig. 3c). Considering the role of aCDOM 
separately, as the sole a component, instead explained 
35% of the variability.
aϕ(λ), and aϕ(λ)–Chl-a relationships
Spectral shapes of a
ϕ
 are depicted in a normalized format 
by dividing the individual spectra by the corresponding 
mean spectral value (<a
ϕ
>) (Ciotti et al. 2002; the mean of 
the a
ϕ
(λ) values over the 400–700 nm interval). 
Accordingly, despite the noteworthy variations in the 
magnitude of a
ϕ
(λ) observed (e.g., Fig. 2d), the spectral 
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shapes had conspicuous recurring features, with a broad 
peak in the blue wavelengths and a sharper maximum at 
~676 nm (Fig. 4a). The breadth of the band formed from 
the population of the individual spectra reveals noteworthy 
variations in certain regions of the spectra. The greatest 
deviations were in the blue wavelengths where several 
spectra were distinctly higher over the 400–430 nm range, 
most of which occurred at site 2 soon after a runoff event. 
The magnitudes of the blue and red peaks remained 
strongly correlated for the population of a
ϕ
(λ) (Fig. 4b). 
No significant negative dependency of a
ϕ
(440):<a
ϕ
> on 
Chl-a was observed, which has been used elsewhere (over 
a broader range of Chl-a) to depict a “flattening” effect on 
the blue wavelength peak associated with increases in the 
concentration of this pigment (Stӕhr and Markager 2004).
The dependence of 4 features of a
ϕ
(λ) on Chl-a were 
evaluated in the commonly adopted logarithmically 
Fig. 3. Evaluations of the dependence of Ks in Cayuga Lake in 2013 
on: (a) a
ϕ
(440), (b) aP(440), and (c) a(440). Slope (S) and intercept 
(Int) values included.
Fig. 2. Time series for the upper waters of Cayuga Lake for sites 2, 
3, and 5 for the April–October interval of 2013: (a) Fall Creek 
hydrograph; (b) aCDOM(440); (c) Chl-a; (d) aϕ(440); (e) PAVm; (f) 
aNAP(440); (g) SNAP; and (h) a(440). Study average values for all 3 
lake sites, with ±1 standard deviation limits and cv values, presented 
in attached bar charts.
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transformed format according to linear least-squares 
regression (Fig. 5). Relationships developed by Bricaud et 
al. (1995; designated here as B95) for case 1 waters are 
included for comparison (e.g., Babin et al. 2003b, Perkins 
et al. 2014). Strong positive dependencies of the 
magnitudes of both the blue wavelength [a
ϕ
(440); Fig. 5a; 
r2 = 0.63, p < 0.001] and red wavelength peaks [a
ϕ
(676); 
Fig. 5b; r2 = 0.71, p < 0.001] on Chl-a were observed. The 
ratio a
ϕ
(440):a
ϕ
(676), a metric of spectral shape (Babin et 
al. 2003b), demonstrated a weak (r2 = 0.26) but significant 
(p < 0.001) negative dependency on Chl-a (Fig. 5c). The 
ratio a
ϕ
(490):a
ϕ
(676), an indicator of the relative absorption 
by carotenoids (accessory pigments; e.g., Hoepffner and 
Sathyendranath 1991, Stuart et al. 1998), also was shown 
to have a weak (r2 = 0.33) but significant (p < 0.001) 
dependency on Chl-a. The differences between these 4 de-
pendencies for Cayuga Lake and those reported for case 1 
waters by Bricaud et al. (1995; B95) were modest 
(Fig. 5a–d) yet significant (Mann-Whitney rank sum test) 
for a
ϕ
(676) (p = 0.047) and a
ϕ
(490):a
ϕ
(676) (p < 0.001).
aϕ*(λ) and aϕ*(λ)–Chl-a relationships
The overall average a
ϕ
*(λ) spectrum and one standard 
deviation bounds presented (Fig. 6a) include all a
ϕ
(λ) 
spectra collected at the 3 sites, where the corresponding 
a
ϕ
*(λ) spectra were calculated by normalizing a
ϕ
(λ) by the 
paired Chl-a concentration. The variability was greatest in 
the blue wavelengths. The average a
ϕ
* values at 440 and 
676 nm were 0.037 and 0.016 m2 mg−1, respectively, with 
cv values of 0.50 and 0.33. These findings have been used 
to expand (from Perkins et al. 2014) the listing of a
ϕ
* 
values reported for inland waters for these 2 wavelengths 
(Table 1).
The relationship between a
ϕ
*(λ) and Chl-a was 
evaluated in a power-law (logarithmically transformed) 
format according to Bricaud et al. (1995). Analyses are 
presented graphically for the blue (440 nm; Fig. 6b) and 
red wavelength (676 nm; Fig. 6c) peaks. Significant 
(p < 0.001) negative dependencies on Chl-a were observed 
that explained 44 and 34% of the variations in a
ϕ
* at 440 
and 676 nm, respectively, according to linear least-squares 
regression.
Fig. 4. Phytoplankton absorption coefficient in Cayuga Lake for the 
April–October interval of 2013: (a) a
ϕ
(λ):<a
ϕ
> spectra for all obser-
vations; and (b) evaluation of relationship between a
ϕ
(440) and 
a
ϕ
(676), with slope (S) and intercept (Int) values included. 
Fig. 5. Evaluation of the dependence of a
ϕ
 on Chl-a for Cayuga Lake 
for the April–October interval of 2013: (a) a
ϕ
(440) vs. Chl-a; (b) 
a
ϕ
(676) vs. Chl-a; (c) a
ϕ
(440):a
ϕ
(676) vs. Chl-a; and (d) 
a
ϕ
(490):a
ϕ
(676) vs. Chl-a. Best fit relationships with slope (S) and 
intercept (Int) values included, with comparisons to B95 (Bricaud et 
al. 1995).
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dominance diminished from the near-shore site 2 
extending to the pelagic sites where contributions by 
calcite increased by more than 10% (Table 2). The con-
tribution of clay minerals to PAVm was also the most 
temporally invariant (lowest cv values).
The dependence of aNAP(440) on PAVm was evaluated 
for 2 cases (Fig. 7) by linear least-squares regression. The 
first case (case a), including only the pelagic sites 3 and 5, 
demonstrated a significant (p < 0.001) and reasonably 
aNAP–PAVm relationship, and estimates of am*(440), 
<Qa,m(440)>, and nʹ(440)
The median cv value for ISPM from analysis of triplicate 
samples from site 5 was 37%. Median values of the ratio 
aNAP(440):ISPM [= am*(440)] for the near-shore site 2 
and the pelagic sites were 0.108 and 0.094 m2 g−1, 
respectively. Clay minerals were the dominant 
component of PAVm at all the sites, although this 
No. System aφ*(440)/CV
(m2 mg−1)/(%)
aφ*(676)/CV
(m2 mg−1)/%
Reference Comments
1. Lake Taihu China 0.056/59 0.021/52 Le et al. 2009 spatial survey, 57 sites, based 
on TChlx
2. Lake Kasumigaura, Japan 0.026/31 0.018/28 Yoshimura et al. 2012 eutrophic, multiple sites 
seasonally, n = 140 samples
3. Nebraska and Iowa lakes 
(n = 5), USA
— 0.023
+ Dall’Olmo and
Gitelson 2005
wide differences in Chl and 
suspended solids
4. 120 inland water bodies
in Holland —
0.013/23 Rijkeboer et al. 1998 based on TChlx
5. Lake Erie, USA/ Canada 0.086/87 0.040/58 Binding et al. 2008 spatial survey, 90 sites
6. Lake Taupo, New Zealand — 0.027xx Belzile et al. 2004 spatial survey 19 sites
7. Laurentian Great Lakes 
(n = 5), USA/Canada
0.033/38 0.014/39 Perkins et al. 2013 66 open water sites
8. Onondaga Lake, USA 0.035/37 0.017/31 Perkins et al. 2014 seasonal 6 years
9. Cayuga Lake, USA 0.037/50 0.016/33 this study 3 sites on South end
10. Danish marine waters 0.0290++ 0.0166++ Stæhr and
Markager 2004
oceanic, coastal and estuarine 
waters, 465 spectra
11. Case 1 waters 0.020++ 0.014++ Bricaud et al. 1995 from multiple ocean areas, 
815 spectra
x TChl = sum of Chl-a and phaeophytin
+ median value at 678 nm
xx value at 674 nm
++ calculated values from aφ* (λ)–Chl relationships, specifying Chl = 4 µg L−1
Table 1. Comparison of aφ*(λ) (Chl-a–specific absorption coefficient) values for inland waters and selected marine waters.
Component Percent Contribution to PAVm
      2       3       5     ←Lake Sites
clay 81.5(10)+ 71.0(11) 65.9(27)
calcite   3.4(141) 11.8(153) 14.2(147)
quartz   6.6(40)   6.9(55)   7.8(62)
Si-rich   1.5(59)   1.6(90)   2.5(106)
calcite-agg   4.1(53)   5.9(71)   6.9(72)
misc.   2.9(55)   2.8(62)   2.7(69)
+ cv in %
Table 2. Percent contributions of particle classes to PAVm in 2013 at 3 sites in Cayuga Lake, as characterized by SAX (means, with cv values 
in parentheses).
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strong (r2 = 0.44) dependency of aNAP(440) on PAVm. The 
second case (case b) included all 3 sites and exhibited a 
significant (p < 0.001) but less strong relationship; 
variations in PAVm explained 32% of the differences in 
aNAP(440). High aNAP(440) values at near-shore site 2 
(circled in Fig. 7), relative to those for pelagic sites 3 and 
5, were observed during or soon after runoff events. The 
slope values for case a and case b were 0.22 and 0.26 
(Fig. 7), respectively. The intercepts were not significantly 
different from zero. The slope of the aNAP vs. PAVm rela-
tionship, where am ≈ aNAP, is an estimate of <Qa,m> (Peng 
and Effler 2013).
The median values of nʹ(440) for case a and b 
populations are presented as representative of those 
populations, 0.0067 and 0.0068, respectively. The Cayuga 
Lake values of <Qa,m(440)>, am*(440), and nʹ(440) are 
compared to values reported for other systems (Table 3).
Discussion
Patterns of ax and OACs
The components of a, except aw, are positively linked to 
inputs from the watershed, including CDOM (Effler et al. 
2015), particles (mostly minerogenic; Effler and Peng 
2014), and nutrients (Effler et al. 2010). These are 
expected to contribute to the components of a, including 
aCDOM, aNAP, and aϕ, respectively. Associated OACs are 
directly input to the lake in the cases of aCDOM and aNAP. 
Although autochthonous sources exist, allochthonous 
inputs generally dominate for these components in 
lacustrine systems (Davies-Colley and Vant 1987, Kirk 
2011, Peng and Effler 2013, Perkins et al. 2013). For 
example, in ax surveys of the 11 Finger Lakes of New 
York, the driver of the watershed area normalized by lake 
volume explained 84 and 83% of the differences in 
seasonal average aCDOM(440) and aNAP(440), respectively, 
among these lakes (Perkins et al. 2009). The situation is 
different for a
ϕ
 because there is an in-lake process, phyto-
plankton growth, necessary to form the corresponding 
OAC (a metric of biomass, here Chl-a). The associated 
time lag necessary for the phytoplankton community to 
respond (Reynolds 2006) to nutrient loading (e.g., from a 
runoff event), combined with lake mixing processes 
(Imboden 2005, Effler et al. 2010), explains the lack of 
significant spatial structure in a
ϕ
 (Fig. 2d) in Cayuga Lake. 
This contrasts the distinctly higher aCDOM (Fig. 2b) and 
aNAP (Fig. 2f) levels observed on the shelf, particularly 
following runoff events, compared to pelagic conditions, 
associated with elevated inputs of the respective OACs 
from the adjoining tributaries. System-specific analyses 
indicate the flushing rate of the shelf (once every several 
days; Effler et al. 2010) is rapid relative to in-lake phyto-
Fig. 7. Evaluation of the dependence of aNAP(440) on PAVm for 
Cayuga Lake, with best fit relationships for pelagic sites only (case 
a) and all sites (case b), and circled site 2 data representing samples 
collected during or on the falling limbs of runoff events. Slope (S) 
and intercept (Int) values included.
Fig. 6. Chl-a–specific phytoplankton absorption coefficient, a
ϕ
*(λ), 
for Cayuga Lake for the April–October interval of 2013: (a) 
temporal average a
ϕ
*(λ) spectra with ±1 standard deviation limits; 
(b) evaluation of the dependence of a
ϕ
*(440) on Chl-a, with best fit 
relationship and comparison to B95 (Bricaud et al. 1995); and (c) as 
in (b) but for the dependence of a
ϕ
*(676) on Chl-a. Slope (S) and 
intercept (Int) values included for (b) and (c).
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plankton growth rates (Chapra 1997, Reynolds 2006), 
supporting the observed absence of higher Chl-a levels in 
this near-shore area relative to the pelagic waters.
There are limitations in the representations of both 
aNAP and aϕ as presented here. First, a portion of ap is 
missed, in the size range of 0.2 to 0.7 µm (pore sizes of 
filters used for aCDOM and aP, respectively), as specified in 
the ocean optics protocols (Mitchell et al. 2003). This 
fraction had aNAP spectral characteristics in mesotrophic 
Onondaga Lake and represented about 25% of that 
component (Perkins et al. 2010). Application of that 
percentage here would result in modest increases in the 
No. System n׳(440) <Qa,m(440)> am* (440) Comments/
(10−3) m2 g−1 References
1. Lake Erie 1.6 0.273 0.076 Peng and Effler (2013), 
aNAP, SAX, ISPM
2. south, west coasts 
Britain
0.68 0.47 — Bowers et al. (2011), 
particle area measurements
3. oceanic, coastal 
waters, Europe
3.01 — — Babin et al. (2003b)
4. oceanic waters 0.45–7.0 — — Woźniak and Stramski (2004), 
specified for modeling Rrs(λ)
5. upper Gulf of  
Thailand
1.5 — 0.046 Kobayashi et al. (2011), 
iterative Mie theory calculations
6. laboratory 2.0–23 — 0.1–0.5 Stramski et al. (2007), 
terrigenous particles in seawater
7a. Lake Superior — 0.25 — Effler et al. (2010), 
aNAP vs. PAVm plot
7b. Lake Superior
(n = 3)
6.3–7.3 0.30–0.38 — Peng and Effler (2015), 
aNAP, SAX
8a. Lake Ontario — 0.19 — Perkins et al. (2013), 
aNAP vs. PAVm plot
8b. Lake Ontario 1.3–5.6 0.11–0.59 — Peng and Effler (2015), 
aNAP , SAX
9a. Lake Erie — 0.25 — Perkins et al. (2013),
aNAP vs. PAVm plot
9b. Lake Erie
(n = 3)
0.6–3.7 0.12–0.53 — Peng and Effler (2015), 
aNAP , SAX
10. Lake Erie — — 0.137x Binding et al. (2008), 
avg. ratio aNAP:ISPM
11. Lake Ontario — — 0.135 Bukata et al. (1983)
12. Onondaga Lake — — 0.19x Perkins et al. (2010), 
ratio aNAP :ISPM
13a. Lake Michigan 
(n = 3)
5.1–7.0 0.24–0.47 —
Peng and Effler (2015), 
aNAP, SAX13b. Lake Michigan, 
Green Bay
1.1–5.2 0.23–0.51 —
14. Indiana 
Reservoirs (n = 3)
— — 0.084–0.121x Nguy-Robertson et al. (2013)
15. Cayuga Lake 6.8 0.22 0.094x this study
x for the case of am >> ad
Table 3. Comparison of minerogenic particle absorption features for different systems, studies.
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contribution of aNAP in Cayuga Lake. The second 
limitation was manifested in several atypical a
ϕ
 spectra for 
λ ≤ 430 nm (Fig. 4a). Similar features were reported by 
Binding et al. (2008) for certain a
ϕ
 spectra from Lake Erie 
and occurred coincidently with elevated aCDOM levels. 
They attributed this finding to a loss of color from ap 
beyond that associated with phytoplankton pigments and 
speculated it was due to bleaching of aCDOM adsorbed to 
mineral particles (i.e., associated with aNAP). This potential 
interplay between aCDOM and aNAP, for the conditions of 
this study, is expanded upon subsequently.
The scope of this study of ax for Cayuga Lake 
expands earlier related efforts by combining temporal 
and spatial coverage, including a robust suite of 
supporting observations of OAC metrics for aNAP (e.g., 
both PAVm and ISPM). The partitioning of ax presented 
here establishes Cayuga Lake as an optically complex 
system, consistent with the case 2 classification. For 
example, aCDOM rather than aϕ is the largest component, 
and the components are either poorly or not correlated. 
Component aCDOM has usually been reported to be the 
largest component at λ = 440 in ax characterizations of 
lacustrine systems to date (e.g., Binding et al. 2008, 
Perkins et al. 2009, Effler et al. 2010, Perkins et al. 
2013). Contributions of aCDOM to a were similar for the 
other Finger Lakes in earlier (2004), less temporally 
intensive surveys of ax (Perkins et al. 2009). The average 
a(440) value for the pelagic sites (from summation of ax) 
for this study was fifth highest of the Finger Lakes, based 
on the earlier survey. The average Cayuga Lake a(440) 
value was somewhat greater than for the eastern basin of 
Lake Erie, substantially greater than for the pelagic 
0.54 ∙ 𝑓𝑓/𝑄𝑄 ∙ �𝑏𝑏𝑏𝑏/(𝑎𝑎 + 𝑏𝑏𝑏𝑏)� =
 
 
 
 
 
 
 
 
Figure 8
 
OACs
1. Chl-a
2. PAVm, or 
ISPM
3. aCDOM(440)
material-
specific 
ax, bb,x
IOPs    𝑎𝑎(𝜆𝜆) = ∑𝑎𝑎𝑥𝑥 (𝜆𝜆)
𝑏𝑏𝑏𝑏(𝜆𝜆) = ∑𝑏𝑏𝑏𝑏,𝑥𝑥 (𝜆𝜆) Rrs(λ)
〈𝑄𝑄𝑎𝑎,𝑚𝑚〉 = 𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁 ÷ 𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚
𝑎𝑎𝑚𝑚
∗ = 𝑎𝑎𝑁𝑁𝑁𝑁𝑁𝑁 ÷ 𝐼𝐼𝐼𝐼𝑃𝑃𝐼𝐼
    𝑎𝑎𝜙𝜙∗ = 𝑎𝑎𝜙𝜙 ÷ 𝐶𝐶ℎ𝑙𝑙-a
 
specific coefficients development
radiative transfer
expression
measurements
calculatedpredicted
retrieval inversion
Specification of symbols
OACs – optically active constituents
Chl-a – conc. of chlorophyll a
PAVm – projected area conc. of minerogenic particles
ISPM – mass conc. of inorganic suspended particulate material
aCDOM(440) - absorption coefficient for CDOM at 440 nm
ax*(λ) – spectral specific absorption coef. for component x
aϕ*(λ) – specific absorption coef. for phytoplankton
am*(λ) – mass-specific absorption coef. for minerogenic particles 
bb,x* (λ) – spectral specific backscattering coef. for component x
ax – absorption coefficient for component x
bb,x – backscattering coefficient for component x
OACax – OAC for ax
OACbbx – OAC for bb,x
f – coefficient in radiative transfer expression for Rrs(λ)
Q – coefficient in radiative transfer expression for 
Rrs(λ)
<Qa,m> – mean absorption efficiency for minerogenic 
particles, based on PAVm
Rrs – remote sensing reflectance
bb – backscattering coefficient
a – absorption coefficient
☆ 
☆ 
☆ 
☆ 
    𝑏𝑏𝑏𝑏,𝑥𝑥∗ = 𝑏𝑏𝑏𝑏,𝑥𝑥 ÷ OAC𝑏𝑏𝑏𝑏𝑥𝑥
☆ – examined here
☆ 
☆ 
☆ 
Fig. 8. Conceptual layout for mechanistic inversion model for retrieval of OACs, with identification of couplings between OACs, IOPs, and 
Rrs(λ), the key role of material-specific optical coefficients, and contribution areas of this paper.
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waters of the other 4 Laurentian Great Lakes, but much 
lower than reported for the western basin of Lake Erie 
(Perkins et al. 2013). Contributions of aCDOM(440) to 
a(440) for the Laurentian Great Lakes ranged from 
~50% (Lake Erie, west basin) to 75% (Lake Superior; 
Perkins et al. 2013). Component aNAP was also the 
smallest component in the Great Lakes (except for the 
western basin of Lake Erie following a resuspension 
event; Perkins et al. 2013) and in the other Finger Lakes 
(Perkins et al. 2009).
The value of a is a primary regulator of Ks (Davies-
Colley et al. 2003, Kirk 2011; e.g., Fig. 3c) and thereby 
has important biogeochemical and ecological implications 
for inland waters (e.g., primary production, stratification 
regime, heat budgets; Wetzel 2001). Variations in aCDOM 
alone explained 35% of the observed differences in Ks 
during this study (Effler et al. 2015); however, a
ϕ
(440) 
was a stronger predictor of Ks (Fig. 3a), despite its smaller 
contribution to a(440), because of its much greater 
temporal variations within the study period (Fig. 2b 
and d). This situation likely prevails widely for lakes, 
consistent with the earlier success of empirical relation-
ships between Ks (or the nearly numerically equivalent 
attenuation coefficient for downwelling irradiance; Kirk 
2011) and Chl-a (Jewson 1977, Megard et al. 1979, 1980, 
Tilzer 1983), the OAC for a
ϕ
. The value of a is also a 
primary driver of remote sensing reflectance [Rrs(λ)], the 
signal available for remote sensing; the spectral structure 
of Rrs(λ) is driven mostly by a(λ) (Lubac and Loisel 2007).
Material-specific absorption coefficients, 
coupling ax and OACs
Mechanistic approaches are needed to support remote 
sensing retrievals of OACs for the optically complex 
conditions that prevail in most inland waters (Binding et 
al. 2012, Mouw et al. 2013). These approaches adopt 
semi-analytical algorithms (Gordon et al. 1988), radiative 
transfer expressions that describe the dependency of Rrs(λ) 
on a(λ) and the backscattering coefficient [bb(λ), also an 
IOP; Fig. 8]. It is valuable to consider the overall strategy 
to retrieve OACs from Rrs(λ) through this approach sche-
matically (Fig. 8) to describe the logic pattern and identify 
the critical role of specific coefficients in this process. The 
steps in such inversion retrievals based on Rrs(λ) measure-
ments are (Fig. 8) to (1) estimate a(λ) and bb(λ); (2) 
apportion these coefficients according to components, 
ax(λ) and bb,x(λ); and (3) estimate the OACs by applying 
corresponding specific coefficients s [ax*(λ) and bb,x*(λ)]. 
Our contributions to this strategy are the apportionment of 
ax for this test system, the paired measurements of OACs, 
and the development of estimates of specific absorption 
coefficients, critical to the retrieval of OACs, and their 
consideration in the context of published values for other 
inland waters.
Phytoplankton: aϕ–Chl-a, aϕ*(λ), and aϕ*(λ)–Chl-a
The largest source of uncertainty in measurements of ap, 
aNAP, and thereby aϕ, is potential variation in the pathlength 
amplification factor (Tassan and Ferarri 1998, Tassan et al. 
2000). The use of the various alternatives (Mitchell et al. 
2003) can produce different results. The observed 
variations in minerogenic particle concentrations (Fig. 2e; 
Effler and Peng 2014) may contribute to the problem in 
Cayuga Lake. The issue is likely to apply widely, given 
the important role such particles play in case 2 waters in 
general (Mobley et al. 2004, Bowers and Binding 2006); 
however, paired in situ measurements of a(440) have been 
reported to close well with the summation of ax from 
laboratory determinations using the same protocols 
elsewhere (Perkins et al. 2013).
Here we updated the review of Perkins et al. (2014) for 
the small population of lakes in which a
ϕ
*(λ) and its 
variability have been reported, in the context of our 
Cayuga Lake observations. We have continued to include 
results for 2 marine studies for comparison (Bricaud et al. 
1995, Stӕhr and Markager 2004; Table 1) that both 
reported significant a
ϕ
*(λ)–Chl-a relationships, but instead 
list a
ϕ
*(440) and a
ϕ
*(676) values (based on their relation-
ships) corresponding to Chl-a = 4 µg L−1 (approximately 
study average value). Two of the listed results for lakes, in 
addition to this study, were based on seasonal coverage: 
Lake Kasumigaura, Japan (Yoshimura et al. 2012), and 
Onondaga Lake, New York (Perkins et al. 2014). The 
others were based on spatial or multiple system surveys 
(Table 1). Substantial differences in a
ϕ
*(λ) were reported 
between a number of these studies. The values from a 
multiple site survey of Lake Erie (Binding et al. 2008) had 
conspicuously higher values of both a
ϕ
*(440) and 
a
ϕ
*(676) and also the highest variation in these specific 
coefficients. Substantial variation was reported within 
each of the individual studies, including our findings for 
Cayuga Lake. 
Differences in protocols between these lake studies 
included (Perkins et al. 2014) (1) the chemical used for 
bleaching the particles, (2) pathlength amplification factor 
adopted, and (3) method used to determine Chl-a or total 
chlorophyll. The convergence of the values from the 3 
studies that adopted the same protocols (including this 
one; numbers 7, 8, and 9 of Table 1) suggests the lack of 
unified protocols has contributed to the differences 
reported between lakes. The variability in the specific co-
efficients (individual cv values; Table 1) is problematic 
because this translates to uncertainties in associated Chl-a 
retrievals (Fig. 8; Bricaud et al. 1998, Stӕhr and Markager 
2004). A substantially larger population of system-specific 
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determinations for more lakes, using a unified set of 
protocols, is necessary to test the indicated convergence 
and identify different cases. 
The a
ϕ
*(440) value from Bricaud et al. (1995; B95) for 
case 1 waters is lower than any of those reported for inland 
waters whereas the other 3 marine a
ϕ
 values are within the 
freshwater range (Table 1). Potential factors for the higher 
a
ϕ
*(440) values for inland waters could include smaller 
phytoplankton cell size, higher cellular pigment concentra-
tions, greater contributions of accessory pigments, or com-
binations of these features (Stuart et al. 1998, Perkins et al. 
2014). Certain patterns reported here are qualitatively 
consistent with features reported for marine systems. For 
example, the negative relationship between a
ϕ
(440):a
ϕ
(676) 
and Chl-a (Fig. 5c) is an accepted indicator (Babin et al. 
2003b) of the effects of increased package effect and 
decreased accessory pigment content as Chl-a increases. 
The potential effect of accessory pigment content was 
more directly represented by the negative dependency of 
a
ϕ
(490):a
ϕ
(676) on Chl-a (Fig. 5d).
The potential dependency of a
ϕ
* on Chl-a for inland 
waters remains unsettled. The extent to which related 
research on case 1 waters has established a compelling 
model for the issue and whether it should be considered 
transferrable to case 2 systems (e.g., Babin et al. 2003b, 
Lohrenz et al. 2003) is also unsettled. Decreases in a
ϕ
* 
with increases in Chl-a have been reported from multiple 
marine studies (Yentsch and Phinney 1989, Bricaud et al. 
1995, Cleveland 1995, Ciotti et al. 1999, Stӕhr and 
Markager 2004). Even the most compelling of these, 
however, with respect to the number of supporting obser-
vations and performance of the empirical expressions, 
acknowledged the substantial variance in the relation-
ships (Bricaud et al. 1995, 2004). Moreover, not all case 
1 studies observed significant dependencies of a
ϕ
* on 
Chl-a (Hoepffner and Sathyendranath 1992). Others 
reported regional (Carder et al. 1991, Bricaud et al. 
2004) or seasonal differences (Matsuoka et al. 2011). 
The a
ϕ
*–Chl-a relationships presented here for Cayuga 
Lake (Fig. 6b and c) are the strongest reported for inland 
waters to date but are decidedly weaker than described 
by Bricaud et al. (1995; B95) for case 1 waters. Perkins 
et al. (2014) reported an a
ϕ
*(440)–Chl-a relationship 
with an r2 = 0.29 for Onondaga Lake, New York. The 
only other lake for which such relationships were 
reported was Lake Kasumigaura (r2 < 0.16, spectrally). 
Further, there is potential for spurious correlations 
emerging from analysis of the dependence of a
ϕ
*(λ) 
(y-variable ÷ x-variable) on Chl-a (x-variable), as dem-
onstrated by random parameter tests elsewhere 
(Håkanson and Stenström-Khalili 2009). The a
ϕ
*–Chl-a 
issue for inland waters deserves further investigation, 
based on larger datasets.
Minerogenic particles: nʹ, <Qa,m>, am*
The reasonably strong dependence of aNAP on PAVm, 
together with the small y-intercept and other system-spe-
cific data (Fig. 7), supports the position that minerogenic 
particles are primarily responsible for aNAP (i.e., am >> ad). 
Inorganic material, mostly in the form of clay mineral 
particles, dominates external sediment loading to Cayuga 
Lake (Effler and Peng 2014). For example, ISPM 
represents >95% of SPM in the tributaries entering the 
shelf during runoff events (Upstate Freshwater Institute, 
unpubl. data). This contribution shifts even higher when 
corrections for structural water retained in clay mineral 
structures are made (Barillé-Boyer et al. 2003). Moreover, 
strong positive relationships prevail between PAVm and 
ISPM in the tributaries (Upstate Freshwater Institute, 
unpubl. data). The dominant contribution of clay minerals 
to PAVm (Table 2) establishes the terrigenous origins of 
the associated aNAP. The expanding SAX characterizations 
indicate this dominance by clay minerals prevails widely 
for lakes (Peng et al. 2007, 2009, Peng and Effler 2010, 
2011). An exception is the short-term whiting 
phenomenon, the autochthonous production of calcite 
(CaCO3) in late summer that occurs in numerous calcium-
rich lakes (Homa and Chapra 2011), including Cayuga 
Lake (Effler and Peng 2014). This phenomenon was 
manifested during this study as the secondary contribution 
of calcite and calcite-aggregate particles at the pelagic 
sites but with high (temporal) variability (Table 2). Lower 
absorption for calcite compared to clays is likely (Effler et 
al. 2013).
Other studies have supported the dominant role of 
minerogenic particles in regulating aNAP in case 2 waters, 
which was found to be the case in certain marine coastal 
waters, including the Irish Sea (Bowers et al. 1996) and 
off North Wales (Kratzer et al. 2000), based on an 
approach that involved heat treatment to remove organics 
followed by spectrophotometric scans. Similar relation-
ships (e.g., slope values and near-zero intercepts; Table 3, 
items 7a, 8a, and 9a) between aNAP and PAVm (Fig. 7; i.e., 
SAX-based) have been reported for 3 areas of the 
Laurentian Great Lakes. The strong relationship observed 
for Lake Superior was augmented by reasonably good 
closure of Mie theory forward estimates of am (from SAX 
characterizations) with aNAP measurements (Effler et al. 
2010). Similar aNAP–PAVm relationships of differing 
strength were reported for the west basin of Lake Erie and 
Lake Ontario (Perkins et al. 2013; Table 3 items 9a and 
8a). Clay minerals were dominant in Lake Superior and 
the west basin of Lake Erie, but calcite made noteworthy 
contributions for some of the Lake Ontario observations 
(Perkins et al. 2013). The similarity of the Cayuga Lake 
slope value(s) (0.22 or 0.26) to those reported for these 3 
lakes (0.19 to 0.26) is striking (Table 3), suggesting the 
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potential for a broadly applicable average aNAP–PAVm rela-
tionship (i.e., area-specific aNAP). There is, however, 
noteworthy variability for individual observations (Fig. 7; 
also see individual site estimates for the Great Lakes 
reported by Peng and Effler 2015; Table 3, items 7b, 8b, 
9b, and 13a and b).
Several features of the results of this study, together 
with other concurrent site-specific information, suggest a 
potential for an interplay between aCDOM and aNAP (i.e., 
minerogenic particles) that was most clearly indicated 
following runoff events. These include (1) the dominance 
of the inorganic component in the tributaries during 
intervals of increased sediment input from runoff events, 
(2) the attendant increases in concentrations of aCDOM 
(Effler et al. 2015) and clay-dominated PAVm (Effler and 
Peng 2014) during the events, (3) the higher aNAP:PAVm 
ratios at the near-shore site 2 following runoff events 
(Fig. 7), (4) the atypical features in the blue wavelengths 
of certain a
ϕ
 spectra obtained soon after runoff events (as 
described above; Fig. 4a), and (5) the observed longitudi-
nal pattern for SNAP over the study (Fig. 2g). Minerals, 
including clays, have substantial adsorption capacity for 
dissolved organic material (Zhou et al. 1994, Kaiser and 
Zech 1999, Aufdenkampe et al. 2001). The higher aNAP 
values relative to PAVm following runoff events at the 
near-shore site 2 that adjoins the mouths of multiple 
tributaries is consistent with increased in-stream 
adsorption of CDOM to minerogenic particles, caused by 
elevated aCDOM levels. This case study for Cayuga Lake 
provides additional support to similar speculation 
concerning the potential interplay between aCDOM and aNAP 
reported by Binding et al. (2008) for Lake Erie. As 
described by Binding et al. (2008) for certain Lake Erie 
sites, the anomalously high a
ϕ
 values in the blue 
wavelengths for several site 2 samples is consistent with 
the removal of adsorbed CDOM from aNAP particles (clay 
minerals), along with the phytoplankton pigments, during 
the bleaching with sodium hypochlorite. Rarely has such 
an organized SNAP pattern (Fig. 2g) emerged from 
lacustrine surveys. If characteristics assigned to SCDOM are 
extended to SNAP, the increase of SNAP from the near-shore 
to the pelagic waters could be attributed to reduced 
aromaticity, decreased molecular size (Helms et al. 2008), 
and decreased amounts of humic versus fulvic acids 
(Carder et al. 1989) of the adsorbed CDOM, all consistent 
with photobleaching within the lake. Other potential con-
tributing effects to this structure include desorption of 
CDOM in the more dilute lake waters, simple dilution 
from mixing (Effler et al. 2010) with higher SNAP particle 
populations common to the pelagic waters, and greater 
inputs of organic detritus from the runoff events.
The list of absorption features published for 
minerogenic particle populations for aquatic systems, par-
ticularly for inland waters, is quite short (Table 3). The 
values of nʹ adopted in certain of the marine studies were 
acknowledged to be speculative (Babin et al. 2003a, 
Wozniak and Stramski 2004) whereas the values of 
Stramski et al. (2007) were based on laboratory measure-
ments of terrigenous sediment suspended in seawater. To 
the best of our knowledge, the median nʹ(440) estimate 
presented here for Cayuga Lake is the only value reported 
for natural populations of polydispersed mineral particles 
for inland waters other than the Great Lakes (Table 3). 
The Cayuga Lake estimate is generally consistent with 
values reported for those lakes (Table 3). Presumably, the 
differences and variability in these values are largely at-
tributable to variations in the content of responsible iron 
oxides and hydroxides that exist as impurities in clay 
mineral particles (Babin and Stramski 2004, Stramski et 
al. 2007, Estapa et al. 2012). The value of nʹ is an 
important regulator of <Qa,m> and thereby am (Peng and 
Effler 2013, their equation 2) and aNAP. The nʹ value has 
potentially even greater importance with respect to the 
remote sensing signal [Rrs(λ)], however, based on its 
effects on the spectral character of the backscattering 
coefficient [bb(λ); equation in Fig. 8; Kostadinov et al. 
2009, McKee et al. 2009, Peng and Effler 2013].
Both mass- and projected-area–based specific 
absorption coefficients [am*(440) and <Qa,m(440)>] are 
supported by our tabular listing (Table 3). These coeffi-
cients have utility for remote sensing where mechanistic 
semi-analytical algorithms (see radiative transfer equation 
of Fig. 8) are employed to support retrieval of ISPM or 
PAVm (the OACs), respectively. The limited literature for 
inland waters and this study (Table 3) demonstrate an 
encouraging degree of convergence for these specific co-
efficients; however, the number of systems sampled 
remains too small to confidently specify these key inputs 
for a wide range of lacustrine waters, and there are greater 
uncertainties in the values and implications of am*(440) 
versus those for <Qa,m(440)>. Moreover, there is certainly 
at least one grouping of lakes where organic detritus 
cannot be ignored (e.g., humic-rich systems; Wetzel 
2001), as exemplified by Mississquoi Bay of Lake 
Champlain (O’Donnell et al. 2013). Additional surveys of 
a wider range of systems with diverse biogeochemical 
conditions are recommended to develop a more robust 
population of these specific coefficients.
Historically, the targeted OAC for suspended sediment 
has been SPM (more appropriately ISPM, to eliminate the 
inclusion of phytoplankton biomass; Bukata et al. 1995, 
Binding et al. 2003, Bowers and Braithwaite 2012). There 
are, however, multiple limitations of ISPM compared with 
PAVm to represent the minerogenic particle populations of 
lacustrine systems, including the following: (1) poor 
precision of analyses for the dilute conditions common to 
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many lakes, (2) frequent failure of the filter pore size 
adopted for SPM/ISPM to capture smaller particles with 
noteworthy impacts (Peng and Effler 2007, Peng et al. 
2009); (3) variable contribution of nonminerogenic 
particles, particularly diatoms, to ISPM measurements, 
which contributed to the poor correlation (r = 0.46) 
between PAVm and ISPM at pelagic site 3; (4) failure of 
ISPM measurements to provide the relative contribution 
of multiple size classes provided for PAVm by SAX (Peng 
and Effler 2010, 2013); and (5) inferior gravimetric results 
to determinations of particle surface (or projected) area 
for optical implications (Mikkelsen 2002, Bowers and 
Braithwaite 2012, Effler et al. 2013) and for consideration 
of adsorption–desorption potential of various constituents 
(Chapra 1997, Effler et al. 2014). In particular, PAVm is 
preferred because it supports a more robust optical charac-
terization that is linearly related to minerogenic 
components of bbp (Effler et al. 2013), the particulate 
scattering coefficient (Peng and Effler 2010), turbidity 
(Peng et al. 2009), and the beam attenuation coefficient 
(Peng and Effler 2007). These parameters contribute 
importantly to estimates of Secchi depth (Effler and Peng 
2014) and ISPM (Peng and Effler 2012). Accordingly, the 
listings of <Qa,m(440) > and nʹ are considered more 
meaningful than am*(440) in supporting advancements in 
remote sensing retrievals.
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